Progress on developing a plasma amplifier/compressor based on stimulated Raman scattering of nanosecond laser pulses is reported. Generation of a millijoule seed pulse at a wavelength that is redshifted relative to the pump beam has been achieved using an external Raman gas cell. By interacting the shifted picosecond seed pulse and the nanosecond pump pulse in a gas jet plasma at a density of ϳ10 19 cm −3 , the upper limit of the pump intensity to avoid angular spray of the amplified seed has been determined. The Raman amplification has been studied as a function of the pump and seed intensities. Although the heating of plasma by the nanosecond pump pulse results in strong Landau damping of the plasma wave, an amplified pulse with an energy of up to 14 mJ has been demonstrated, which is, to the best of our knowledge, the highest output energy so far by Raman amplification in a plasma. One-dimensional particle-in-cell simulations indicate that the saturation of amplification is consistent with onset of particle trapping, which might be overcome by employing a shorter seed pulse.
I. INTRODUCTION
Raman amplification of short laser pulses in a plasma was proposed a decade ago in order to reach ultrahigh laser powers well above that currently available by chirped pulse amplification laser systems. 1, 2 This Raman scheme utilizes plasma as the gain medium to overcome the limit imposed by the damage threshold of solid-state optics. The amplification of short laser pulses is achieved by energy transfer from a long pump pulse through a three-wave interaction with a plasma wave. The interaction can be either resonant by matching the frequency difference of the pump and the seed with the plasma frequency 2 or nonresonant if the pump and the seed pulses are intense enough to drive a transient plasma density perturbation, which scatters the energy from the pump to the seed, so called the superradiant regime. 1 Since the first experimental demonstration of Raman amplification of a short laser pulse in a plasma, 3 there has been a growing interest in developing a plasma amplifier and compressor for short laser pulses in both theoretical [4] [5] [6] [7] [8] [9] and experimental [10] [11] [12] [13] [14] [15] [16] [17] studies. Recent experiments have demonstrated compression of the amplified pulse from 500 fs to 150 fs by a 30 mJ, 10 ps pump pulse. 13 The interaction length has been extended by double-pass ͑ϳ4 mm͒ ͑Ref. 15͒ or waveguiding ͑ϳ9 mm͒ ͑Ref. 16͒ to reach higher output energy, making the plasma amplifier close to a practical device.
At present most experimental efforts involve microjoule seed pulses and picosecond, millijoule pump pulses. To approach the ultimate goal of petawatt-exawatt laser powers, it is necessary to scale up the Raman scheme to nanosecond pump pulses that are available at the kilojoule energy level in large laser systems. The first experimental demonstration employed a nanosecond pump pulse 3 and an amplification of ϳ5 was achieved for a 2 J seed in a cold collisional plasma. A recent experiment with a 350 J, 1 ns pump showed an amplification of ϳ25 in a hot plasma where collisionless wave damping was dominant; however, with substantial attenuation of the seed pulse by the plasma due to spraying of the seed beam outside the collection cone. 17 As discussed in Ref. 17 , nanosecond pump pulses present more challenges in the Raman scheme. Due to the longer interaction time with the plasma, nanosecond pumps are more susceptible to instabilities, such as Raman scattering growing from thermal noise, which competes with the seed pulse, and filamentation instability which causes beam spray and degrades the optical quality of the amplified pulse. The heating of the plasma by the nanosecond-long pump will also likely lead to strong Landau damping of the plasma wave even in an optimized plasma amplifier. Studying Raman amplification in a high temperature plasma with strong Landau damping is also relevant to understanding the coupling of multiple laser beams in inertial confinement fusion experiments, where the individual beams undergo stimulated Raman scattering in the target interior, and the associated scatter can be further amplified as it crosses other beams upon exiting the target. 18, 19 In this paper we present experimental results on a plasma amplifier pumped by nanosecond pulses, demonstrating an output energy of up to 14 mJ with an amplification of 2-20. It is found that the pump intensity should be kept below 1 ϫ 10 14 W / cm 2 to avoid beam spray. The attenuation of the seed pulse has been minimized in our experimental conditions. Particle-in-cell ͑PIC͒ and hydrodynamic simula-tions are also performed to help data interpretation. The paper is organized as follows. The generation of seed pulses is described in Sec. II. The experimental setup and results of filamentation study and amplification scaling are presented in Secs. III and IV, respectively. The simulation results are shown in Sec. V. Finally the summary is given in Sec. VI.
II. GENERATION OF SEED PULSES
Seed pulse generation is a critical step for Raman amplification. Since there is no pulsed laser available at relevant wavelengths, the seed pulse has to be created by redshifting a laser with the same wavelength as the pump. The wavelength shifting can be achieved by various methods, such as optical parametric processes, 10 Raman crystals, 13 or a Raman gas cell. 17 For our experiment, we chose to use the Raman gas cell as it can handle J-level laser pulses with a reasonable efficiency. The schematic of the high-pressure cell is shown in Fig. 1͑a͒ . The windows were made of MgF 2 , which has a smaller nonlinear coefficient compared with other common optical materials. The thickness of the windows was chosen to sustain pressures up to 250 psi. It is necessary to keep the diameter of the incident beam large enough on the cell window to minimize the B-integral. Therefore, two pairs of lenses were inserted inside the cell as a demagnification telescope to increase the intensity for Raman conversion. At the output of the cell, a beamsplitter that reflects 1.053 m and transmits Ͼ1.1 m was set up to dump the unshifted beam. The output pulse was sent to an infrared ͑IR͒ spectrometer to measure its spectrum and a calorimeter for the energy. A list of Raman gases ͑from Refs. 20 and 21͒ and the corresponding plasma resonant density are given in Table I .
The pump beam for the cell was from the Compact Multipulse Terawatt ͑COMET͒ laser 22 at the Jupiter Laser Facility ͑JLF͒ at Lawrence Livermore National Laboratory ͑LLNL͒. The pulse was chirped to ϳ5 ps in order to minimize the B-integral in the cell. The output redshifted pulse was found to have a similar duration as the pump pulse. A laser energy up to 1.8 J at 1054 nm was employed to pump the cell. Among the gases listed in Table I , H 2 , N 2 O, C 2 H 6 , and C 3 H 8 were tested for the conversion efficiency at the redshifted wavelength ϳ1200 nm. It is found that N 2 O provides the highest spectral intensity at 1200 nm. A spectrum of the N 2 O-filled gas cell pumped by a 0.8 J COMET laser pulse is displayed in Fig. 1͑b͒ . The output energy of the gas cell after the beamsplitter is approximately proportional to the input COMET laser energy with a conversion efficiency of ϳ2%, as shown in Fig. 1͑c͒ . Up to ϳ40 mJ was obtained although the energy was distributed in a wide spectrum. In future experiments a small gas cell will be added to seed the Raman conversion in order to improve the efficiency.
III. ANGULAR SPREAD OF THE OUTPUT PULSE
An experiment was carried out at JLF to study the beam quality of the output pulse in a plasma, where Raman amplification occurs. The 1 ns Janus laser 23 was employed as the pump pulse and the seed pulse was created using the 5 ps COMET laser, as described above. Earlier experiments indicated a significant attenuation of the seed due to beam spray out of the detector collection cone In this experiment we study the dependence of beam spray on pump intensity in an exactly counterpropagating geometry. This geometry has the advantage that the interaction region of the two beams is extended to 3 mm even with a 200 m spot size of the pump beam, which allows access to high pump beam intensity. The experimental setup is illustrated in Fig. 2 . The Janus beam was smoothed with a 200 m phase plate and focused to the center of a helium gas jet. The plasma, created by the pump itself through ionization of the gas, was ϳ3 mm long and the pump intensity was above half of its peak value over this entire region. A small ͑0.5 in. diameter͒ concave mirror was inserted in the exiting Janus beam to direct and focus the seed pulse to counterpropagate with the pump. The corresponding center portion of the pump was also blocked upstream to allow a small pickoff mirror to be inserted to direct the amplified seed to detectors, while minimizing damage to both small mirrors. The blocked area is ϳ50% of the total beam area. The energy loss due to the center blocking was not an issue for this experiment, and the hollow beam profile did not significantly affect the focus of the pump since a phase plate was applied. A similar 0.5 in. mirror was set up on the opposite side to collect the pulse after the interaction. The output beam was sent to an IR one-dimensional ͑1D͒ photoarray, which was covered by a bandpass filter at 1200 nm with a bandwidth of 70 nm. The surface of the output 0.5 in. mirror was imaged onto the photoarray to measure the angular spray of the transmitted seed pulse. The gas jet backing pressure was set to 1200 psi. The He plasma was fully ionized even with half of the lowest pump energy. Therefore in our experiment the plasma density was not affected by pump intensity but mainly depended on the gas pressure. According to the measurements in Ref. 17 , the plasma density should be near 10 19 cm −3 . The seed pulse was synchronized to the middle of the 1 ns pump at the gas jet using a fast photodiode with a time response of 30 ps. Figure 3 shows the measured angular profiles of the output beam at three pump intensities, as well as the seed beam itself without plasma nor the pump ͑"seed only"͒. The profile is normalized to the peak of the seed only case. It is clear that the beam quality deteriorates as the pump intensity increases as evidenced by the transmitted seed spraying out to angles well outside its incident angular profile, which is contained within a cone of angle Ϯ1.2°. At I pump = 0.8ϫ 10 14 W / cm 2 , the transmitted seed pulse has a similar profile to that of the incident one albeit with ϳ2ϫ attenuation. At 1.6 ϫ 10 14 W / cm 2 the transmitted profile has broad wings extending at least to the edge of the measurement cone ͑Ϯ3.5°͒ with only a small narrow feature in the center representing a small fraction of the light that is not significantly scattered. Finally when the I pump increases to 2.4ϫ 10 14 W / cm 2 , the profile is completely flattened and the transmission drops down to less than 10%, indicating a large beam spray well beyond the measurement cone. These features are consistent with the pump beam filamentation causing angular deflection of the seed. Scattering of one spatial frequency component of the pump by a plasma wave produced by a different spatial component can also cause the amplified beam to have larger angular divergence than the incident seed; however, the scattering is not coherent with any of the incident seed spatial frequencies. Therefore, when the amplification is small there is not much energy in this scattering. The measurement with a seed at a different frequency was carried out in an earlier experiment 17 using an 1124 nm line in a plasma that was resonant at 1200 nm. It was found that the transmission of the seed into the detector was greatly reduced consistent with the beam spray occurring even to beams that are not Raman amplified. Therefore we think that scattering by different angular harmonics of the pump could also occur but the observations we report seem more consistent with pump filamentation.
Onset of filamentation seeded by highest intensity speckles in the incident beam is expected as the pump intensity increases over the range shown in Fig. 3 . To show this we estimated the threshold of filamentation using the method in Ref. 24 . The intensity distribution of a laser spot with a flattop-envelope phase plate is given by ͑1+I / Ī͒exp͑−I / Ī͒, where Ī is the average intensity. There is 4% of power contained in speckles which have an intensity of ϫ5Ī. These speckles, with a typical size given by the diffraction limit of the entire optic, clearly play a critical role in seeding the filamentation instability. The threshold of ponderomotive filamentation is given by ͑v 0 / v th ͒ 2 ͑n e / n c ͒͑L / ͒ 2 Ͼ 1, 24 where v 0 is the oscillatory velocity of an electron in the laser field, v th is the electron thermal velocity, n e is the plasma density, n c is the critical density, L is the speckle size, and is the laser wavelength. Given our experimental conditions, = cates that observed beam spray occurs when more than a few percent of the beam energy is above the threshold intensity for filamentation. When this condition is surpassed, it can be seen from the data in Fig. 3 that filaments in the pump beam are perturbing the plasma density sufficiently to modify the transmitted profile of the seed beam and cause an apparent low transmission of the seed due to large beam spray outside the collection optics. These angular profiles represent the amplitudes of the output pulse, while the focusibility will be affected by both amplitudes and the phases. The focusibility of the amplified pulse with existing random density inhomogeneities has been studied in numerical simulations, 8 and a simple expression is given for the plasma length limit in order to maintain good focusibility, which is independent of the pump intensity. Our measurements show that pump filamentation is one source for generating the density inhomogeneities. Therefore the pump intensity should be kept below the filamentation threshold.
IV. SCALING OF AMPLIFICATION
Having established the beam and plasma conditions that will allow high focal quality beams to be amplified, we performed a second series of experiment using a near counterpropagating setup ͑Fig. 4͒ to avoid the complication of inserting a mirror into the pump beam in the counterpropagating geometry. The results discussed in Sec. III indicate that amplification of high focal quality beams can be best achieved at intensities much lower than were used in Ref. 17 . Therefore we can increase the spot size from 200 to 500 m, while maintaining the needed intensity and the 3 mm interaction length. The seed pulse was directed to the gas jet by a mirror located outside of the pump beam. The crossing angle between the 5 ps seed and the 1 ns pump was 11°. The phase plate for the pump was changed to one with a 500 m spot to allow more energy, while keeping the pump intensity below the filamentation threshold. Part of the amplified pulse was split out and sent into an IR spectrometer for measuring its spectrum, and the rest was directed to the same calibrated IR photoarray covered by the 1200 nm filter for beam profile measurements. In this experiment, the photoarray imaged the focus of the seed pulse, which had a full width at half maximum ͑FWHM͒ ϳ500 m. The effective interaction length in this near-counterpropagating geometry is ϳ3 mm, which matched the gas jet length.
The beam profiles of the amplified pulse ͑pump+ seed͒, the seed pulse itself ͑seed only͒ and the thermal Raman ͑pump only͒ obtained by the photoarray are shown in Fig. 5͑a͒ . The energies of the pump and the seed were 233 J and 3.5 mJ, respectively, corresponding to intensities of 1.2ϫ 10 14 and 8.5ϫ 10 10 W / cm 2 ͑FWHM͒. The thermal Raman was slightly weaker than the seed pulse. When the pump and the seed were both present, the output beam showed enhancement with a profile similar to that of the input seed, demonstrating that the optical quality of the pulse was maintained through Raman amplification in the plasma. The spectra of the amplified pulse, the seed and the thermal Raman are shown in Fig. 5͑b͒ . Each spectrum was normalized by its own maximum so that the spectral distribution can be compared at the same level. A resonant peak is clearly seen at 1220 nm with a FWHM ϳ40 nm, which is much narrower than the seed spectrum. Therefore, only a small portion of the seed pulse was amplified. For the shot shown in Fig. 5 , the energy of the seed pulse inside the resonant bandwidth was ϳ1.1 mJ. For the data hereafter the seed energy refers to the energy within this bandwidth.
The photoarray was operated in the linear response regime so that the counts of the profile were proportional to the beam energy. The energy response of the photoarray was calibrated using the seed pulse and a calibrated calorimeter. The amplification was thus calculated as the ratio of the integrated beam profile of the pump+ seed ͑with the thermal Raman signal substracted͒ to that of seed only. Because the actual beam profile was two-dimensional and the photoarray ͑Color online͒ Output beam profiles ͑a͒ and normalized spectra ͑b͒ of amplified pulse ͑pump+ seed͒, the seed pulse itself ͑seed only͒, and the thermal Raman ͑pump only͒. ͑a͒ shows the relative magnitudes of transmitted energy density, while in ͑b͒ the spectra are normalized by their own maxima to allow direct comparison.
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only sampled a lineout across the center, the total beam energy was calculated assuming circular symmetry. The profile was not exactly symmetric, which contributed to the error bar in the figures in this paper. Because the photoarray was covered by the 1200 nm bandpass filter, the amplification refers to the energy within the 70 nm bandwidth of the filter. The data in Fig. 5͑a͒ show an amplification of 11. The timing between the pump and the seed was also varied to optimize the amplification and plasma conditions. The results with a 180 J pump and a 1.5 mJ seed are plotted in Fig. 6 . The intensities of the pump and the seed were 8 ϫ 10 13 and 1.3ϫ 10 11 W / cm 2 at FWHM, respectively. As shown in Fig. 6 , an amplification of ϳ3 was observed during the timing scan. The lower amplification compared with the result in Fig. 5 is due to the lower pump intensity during timing scan. The time window for amplification for wavelengths near 1220 nm was ϳ0.2 ns and occurred in the later portion of the pump when plasma was hottest. This indicates that the heating of the plasma by the high intensity nanosecond pump does not prevent amplification, which is an important result for developing high energy Raman amplifiers in which the plasma temperature is high and Landau damping of the plasma wave due to heating is large. In addition, the transmission of the seed pulse outside the amplification time window was close to 100%, indicating that the Raman amplification was not interfered by absorption of the seed pulse. The narrow time window for the amplification is not fully understood, probably due to changing plasma conditions during the pump pulse since the plasma is created by the pump itself. In future experiments a suite of diagnostics will be added to further study the plasma conditions.
The amplification as a function of pump and seed intensities is shown in Fig. 7 . At a pump intensity of 1.2ϫ 10 14 W / cm 2 , the output energy reaches 4.8, 12.1, 12.7, and 13.9 mJ for seed energies of 0.24, 1.1, 1.7, and 6.3 mJ, respectively, corresponding to amplifications of 20, 11, 7.6, and 2.2. There was a factor of 2-3 shot-to-shot fluctuation in the amplified pulse energy. The data in Fig. 7͑a͒ represent the maximum output energy observed. Figure 7͑b͒ shows that when the pump intensity is varied from 5.7ϫ 10 13 , 7.7ϫ 10 13 , to 1.2ϫ 10 14 W / cm 2 , the amplification is 0.7, 3.2, and 7.6 for a 1.7 mJ seed. If the Raman process is in the linear regime, the output energy should be proportional to the seed energy and the amplification grows exponentially with the pump intensity. The data points are consistent with the onset of nonlinearity in the amplification in the highest energy cases. In particular, in the pump intensity scan, the reduction in amplification below the exponential line fit to the first two points with lower pump intensities ͑those below 1 ϫ 10 14 W / cm 2 ͒ could be explained by the onset of beam spray, as discussed in Sec. III, but also could be produced by a different linear response in the different plasma conditions at higher pump intensity. The seed energy scan in Fig. 7͑a͒ showed a clearer nonlinearity at higher seed energies, where the output energy is seen to saturate. One possible reason causing the saturation is variation in seed quality as the pump energy for the Raman gas cell increases. However both the seed spectrum and the beam profile were similar to those low energy shots, and the gain of the Raman cell is still linear for the highest seed energy, as seen in Fig. 1͑c͒ . Therefore we did not find any evidence for deterioration of the seed quality. We think that the amplification saturation indicates that the plasma wave is not scattering in proportion to the ponderomotive force driving it as it should if its response is linear. The scan of seed energy allows the wave drive to be varied without affecting the other nonlinear processes as a 
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V. DISCUSSIONS AND PIC SIMULATIONS
To understand the experimental results it is helpful to estimate the rates of various processes in the laser-plasma interaction. These rates, shown in Fig. 8 as a function of temperature, are calculated using the standard formulae in Refs. 25 and 26. The weak dependence of linear Raman growth rate ͑␥ R ͒ on temperature is due to the temperature correction in plasma frequency based on Bohm-Gross relation. As the temperature rises up, collision rate ͑␥ c ͒ decreases and Laudau damping rate ͑␥ L ͒ increases substantially as expected. According to hydrodynamic simulations using HYDRA, 17 the temperature of the He plasma created by the ϳ200 J, 1 ns pump reaches 200-250 eV as marked by the shaded area. At such a high temperature collisions are negligible and Landau damping dominates over Raman growth. As a result, the plasma wave can hardly grow unless strongly driven by the interference between the pump and the seed pulses. Another important rate is the electron bounce frequency ͑ b ͒ in the Langmuir wave potential, which is defined as b 2 = ek p E p / m ͑Ref. 25͒ ͑e is the electron charge, k p and E p are the wave vector and electric field of the plasma wave, and m is the electron mass͒. The plasma wave amplitude can be normalized as a p = eE p / ͑mc ͱ 0 p ͒, where 0 is the pump frequency, p is the plasma wave frequency, and c is the speed of light. In the strong damping regime ͑␥ L ӷ ␥ R ͒ with negligible pump depletion, a p Ϸ͑␥ R / ␥ L ͒a seed ͑a seed is the normalized amplitude of vector potential of the seed͒. Therefore, the plasma wave becomes localized inside the seed pulse. Given k p ϳ 2k 0 in a counterpropagation geometry ͑k 0 is the wave vector of the pump͒, the bounce frequency is then b 2 ϳ 2 0 ͱ 0 p ␥ R a seed / ␥ L . Two bounce frequencies are plotted in Fig. 8, b1 for a 1.5 mJ seed and b2 for a 15 mJ seed. It can be seen that as the seed amplitude increases, the bounce frequency becomes comparable with the Landau damping rate, indicating that particle trapping may play a role in the evolution of the plasma wave. It should be noted that in the strong damping regime the effective Raman growth rate will be lower than the linear growth rate estimated here. 27 Nonetheless the correction will not change the relative importance of the rates.
To gain an insight into the dynamics of this three-wave interaction, we performed 1D PIC simulations using the fully kinetic code OSIRIS. 28 The PIC simulation was downscaled because with a 3-mm-long plasma, only 20 ps of the pump pulse actually interacts with the seed in a counterpropagating geometry. The simulation was set up as follows. A 3 mm plasma slab is located in the middle of the simulation box as a density step profile with vacuum regions on both sides. The plasma temperature is 200 eV, as obtained from hydrodynamic simulations. The density is 1.1ϫ 10 19 cm −3 at which the plasma frequency with thermal correction satisfies the resonant condition with the pump and the seed. The pump intensity of 1.2ϫ 10 14 W / cm 2 ͑a pump0 = 0.0098͒ is prescribed throughout the flat region with the scaling of energy in 20 ps that gives the same intensity as in 1 ns for a 500 m FWHM spot. The seed has a Gaussian longitudinal profile with 5 ps pulse width. For a seed energy of 1.5 mJ and 500 m FWHM spot, the peak intensity is 2.9ϫ 10 11 W / cm 2 and a seed0 = 0.000 55. Please note that although intensities are calculated assuming transverse Gaussian spot sizes, the simulation is 1D so the lasers are infinite plane waves. Therefore no transverse effects such as filamentation, diffraction, and focusing of the pump and seed beams are modeled and hence we expect the amount of gain to be different in the simulation from what is measured in an experiment under the same plasma conditions. In addition, in the experiment the seed interacts with the pump at 11°off of the direct counterpropagating direction and this is not modeled by the simulation. Therefore, the PIC simulations are intended to provide qualitative insight into physical processes rather than to quantitatively fit the data. Figure 9 displays a snapshot of the three-wave interaction. The electric fields of the pump and the seed are differentiated by their directionality through Poynting vector. It is obvious that the envelope of the plasma wave resembles that of the seed pulse, consistent with the strong damping regime as described above. Figure 10 shows the simulated time his- tory of the peak electric field amplitude of the seed pulse, the plasma wave amplitude and the velocity distribution of electrons, respectively. The seed amplitude is normalized by m 0 c / e and the plasma wave amplitude is normalized by m ͱ 0 p c / e. As the seed interacts with the pump in the plasma, its amplitude grows near-exponentially for about 3 ps and then saturates at ϳ0.007. The amplification in these 1D simulations is ϳ100, which is higher than what was observed in experiments. It is clear that the saturation of seed amplification is coincident with the level-off of the plasma wave amplitude ͓Fig. 10͑b͔͒. The evolution of electron velocity distribution function shown in Fig. 10͑c͒ indicates that flattening of velocity distribution function near v = v ph Ϸ 0.07c ͑v ph = p / k p is the phase velocity of the plasma wave͒, which is a signature of particle trapping, occurs immediately before the saturation of amplification. A clearer evidence of particle trapping is the appearance of vortices in the electron phase space, which is shown in Fig. 10͑d͒ for t = 17 ps. The flattening of the electron distribution function should result in the reduction in the Landau damping rate, 29 which would increase the wave coupling. However we observed the opposite tendency. It is also known that the nonlinear frequency shift of the plasma wave could detune the resonance and reduce the scattering. 30 Figure 11 shows the k spectra of the plasma wave in the PIC simulations at t = 14.70 ps ͑before saturation͒ and t = 16.97 ps ͑onset of saturation͒. It can be seen that the k spectrum is broadened and shifted compared with that at an earlier time, which might explain the saturation of the amplification. To overcome such a saturation a shorter seed pulse can be employed because the sharper front of the pulse can grow before particle trapping occurs. Shown in Fig. 12 are the simulation results with the same parameters, as in Fig. 10 except the seed pulse is only 0.5 ps long ͑the initial amplitude is the same͒. In this case the seed pulse continues to 
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VI. SUMMARY
To summarize, we have demonstrated Raman amplification with a nanosecond pump pulse in a relatively hot plasma where Laudau damping dominates. An amplification of up to 20 and a maximum output energy of 14 mJ have been achieved. Saturation of amplification is observed as the seed energy increases. PIC simulations indicate that the saturation is consistent with particle trapping as the mechanism. This saturation effect may be important for minimizing Raman backscattering loss of the multiple crossing beams used for the ignition of fusion reactions by indirect drive. 19 In addition the PIC simulations suggest that a shorter seed pulse could be helpful to overcome the observed saturation and allow more efficient Raman amplification and compression of laser pulses. 
